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Date .  obtained Fr 8 program t o  determine the performance  imsroveEents 
attzinable  through  the use of  boundary-layer  controls in e,nnul..=r a f f u s e r s  
epplice3le t o  turbojet  afterburners a r e  summarized for   f ive   d i f fusers  
t e s t ed  with end withoat  vortex-generator  controls. The el'fects on per- 
f o r m c e  of both the diffuser  length an6 the center-body  length  are enpha- 
sized. The di-??users m i e d  in  length from abrupt dump t o  a length 
corresponding t o  a~ equivalent cone m-gle of 15O. All diffusers  had a 
c o n s t a t  outer-body dimeter of 21 inches, a retFo of outer-body  diameter 
t o  center-body di&?neter E-L the  inlet of 1.45, and an a rea   r a t io  of 1.9 
t o  1.0. I n l e t  flow conditions  corresponded t o  a meximum thickness of  
f u l l y  developed tur5ulelzt boundary layer, inlet Mach nm3ers up t o  0.4, 
and  both mial f low end 20.6~ of whirlinz  flow. 

With axial o r  wh i r lkg  inlet flov,  reductions  in  diffuser  length 
produced appreciable  losses  in perr'o-mance, d t h  or  without  vortex gen- 
e re tors .  Vortex  generators  iqroved  the performance of  a l l  diffusers 
except  the  abrupt dumps. 4 dfffuser  with an oiiter-body length  equivelent 
t o  thet of the 15O diffuser  end a center  bow about half that  length  pro- 
duced s l igh t ly  less stgtic-pressure rise end soaevhat better velocity 
distributions  than  the 15O &iffuser,  with  or  without  vortex  generetors. 
With whirling  inlet  flow, it was necessay  t o  use s t ra ighteners   to  rexove 
most of the  whirl  in order  to  avoid  lerge performance penal t ies .  

IWCRODLCTLON 

In e. grogrm t o  determine  the  gerforrnvlce  improvexects  ettaLnzble 
through  use of bornday-layer  controls  in m-ar diffusers  eppliczble 

tes ted  with and without  t-ortex-genere.kor controls.  All diffusers  n.& 
a constant  outer-body dimeter of 21 inches, a r a t i o  of  outer-body  diameter 

. to  turbojet   afterburners,   f ive  diffusers  of differect lengths have  been 

- 



t o  center-body  diameter a t   the   d i f fuser   in le t  of 1.45, ana an mea r a t i o  
of 1.9 t o  1.0. The longest  diffuser had a conical  cenker body which pro- 
duced an  equivalent cone angle of l5O'and was represectative  of a rela-  
t ively  eff- lc ient   di f fuser .  The perTornance  of this diffuser  with  axial  
i n l e t  flow is given i n  reference 1 and with a 21° whirling inlet flow i n  
reference 2.  The opposite  extreme  with  respect to   length &nd performance 
was represented  3y.an  abrupt dump, the performance of which is given i n  
reference 3. In  order   to   obtah  performnce data on  two diffuser  lengths 
inte-Tediate between tzese two extrenes, t-wo diffusers  with  equivalent 
cone angles  of 2k0 ( r e f .  4) and 31° were tested. The cecter body of the 
240 diffuser  vas shaped so a s   t o  produce the  area  variation recommended 
by Gibson ( r e f s .  5 end 6) for  optimm performance. The shape or" the 
center bods- of the 31° diffuser  was az3itrary, and the performance data 
have not been  p-Lblished previously. The performance w i t h  a x i a l   i n l e t  
flow or" a f i f t h  center-3ody  configuration, which was essent ia i ly  rn 
abrust duq  with  the edges  rounced t o  avoid a Ilvem contracta  effect ,  
is given in  reference 7. 

Tne papose  of t'nis paser i s  to   present  a concise su~maxy of" the 
performance data for  the  aforexentioned five diffusers in a form which 
indicates  cleazly the ef fec ts  on performance  of red-xi,% d i f f ~ s e r   l e n g t h  
for   both  axial  an& vhi r l ing   in le t  Tlow and with and vithout  vortex gen- 
erators  for  f low  control.  Al%hough the center  bodies  varied both i n  
length and shape,  the comparison of resd- l s  showing the   e f fec t  of diffuser  
length is  bel ieved  to  be valid  for  engineering  purposes. 

. 

The diffusers,  with  the  exception  of  the one of reference 7, were 
tes ted  under the same inlet  conditions: E. fully develoged  turbulent 
boundary layer  extendirg  across  the  entire  inlet  annulus; mean i n l e t  
Mach nufbers up t o  aboct 0 .& and corresponding Reynolds n-unbers based on 
i n l e t   h w a u l i c  diameter up t o  1.28 x rO6; and both  exial  flow  and x) .6O 
of vhirling  flow. The diffuser  of  reference 7 was tes ted under the same 
conditions f o r  ax ia l  flow only. 

diaTeter  of  duct 

mass flow 

stat ic   pressure 

. 
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Jr2 pusr e 
L '1 P weighteO static  pressure, 

impact  pressure, H - p 
a_C 
- mean impact  pressure, B - p - 
r r&us of duct 

U local velocity Eeasured in direction of flow 

J 
=em. velocity, rl 

Y 

A 

Y 

E 

L 

M 

U 
-9 

perpendicular distance fro= either inner or outer mils of 
diffuser 

cross-sectional are= of duct 

total presswe 

L r 2  P* az 
weighted total pressure, 1 

distance do-m-strem f r o m  cylinder-diffuser junction 

Mach number 

miximum local  velocity at a given duct station 



a 

e 
static-presstire  coefficient  based on outer-wall   static  pressures,  
P2 - 8, 

';Ci 

s tat ic-pressure  coefficient based on weighted s ta t ic   pressures ,  
P - P i  

Cci 
B i  - ]El. 

loss coeff ic ient ,  

bow-dary-layer 

boundary-layer 

boundary-layer 

%i 

thickne s s 

Oisplacener-t  thickness, ' s," (1 - ;)dY 

- 6" 
e 

bo-adary-layer  shape pazameter 

P mass density , 

X w M r l  a g l e ,  measured with respect  to  the  difzuser  center l i ne  

r 
z wefghted whirl  angle , 1 

/fr2 
J 

p-dr &r 
'1 

Subscripts : 

6. a x i a l  coxponent 

d diffuser  
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e d i f fuser   ex i t   s te t ion  

i d i f fuse r   i n l e t   s t a t ion  . 
i t e l lp ipe  

1 diffuser  inner wzll 

2 diffuser  outer  wall  

CONFIG-URATIONS 

Diffusers 

The  same generel  Epgaretus m-d instrunentation w a s  used i_n_ a l l  the 
diffuser  investigations a-d hes been described  in  references 1 t o  4 and 7. 
The general  &iffuser  configurztion and stetion  locations  are  given 731 

figure 1, which is a diagrem of diffuser  2. T e  outer-wall dianeter is  
c o n s t a t  throughout  the  length  of  each  diffuser and t a i lp ipe .  The r a t i o  
of the  outer-Tall diameter t o   t h e  center-body diameter a t  the dif: T user 

point 4 inches  upstream i'rom the start of the georxtric area W a n s i o n  
in   order  that tine inlet measurerzeots would not be affected measurably by 
chan-ges in t'le ce-n-ter-body corfigurations.  The vortex-generator  munting 
s t a t ion  is loceted 3 hches  doknstrean from the inlet  s t a t ion  2.n nost 
cases.  By dezini t ion,   the   diffuser   exi t   s ta t iocs  s;re loceted at the  end 
of each  center bo&y. The te i lp ipe   s te t ion ,  which is comon t o  e11 dif- 
fusers,  i s  located 1.262 outer-body  diameters from the i n l e t  s ta t ion   o r  
1.072 diameters from the  cylinder-diffuser  juzction. 

. i n l e t  i s  1.45. The difi'user irrlet s te t ions were a b i t r s r i l y   f i x e d  at a 

Perfornance data are coxyared  herein  for Tive dif-+users which cover 
a range of equivdent  conlcal  eeansion  angles from 150 t o  lao; the 
correspondh&  ratios of diffuser  length  to outer-bociy diameter  La/d2 
range from 1 .O72 t o  0. Line  drawings ol" Yne five  configurations and 
curves of the longitudiosl   variations of flow area  are  show- in   f igure  2. 
Other  pertinent info-tion  concerning the CifIZlsers i s  given i n   t h e  
folloxing table : 
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Diffuser 
number 

- 
Equivslent 

:onical  angle , 
- deg 

15 

24 

31 

Diffuser 
Lengtl, k / d 2  

1.072 

.657 

.506 

.071 

0 

Tailpipe 
Length, h / d 2  

0 

.41 j 

.566 

1.001 

1.072 

Center-bociy 
s ha2e 

Conicel 

Agproximtely 
e l l i p t i c a l  

Approxinately 
e l l i p t i c z l  

Flat  plate  with 
romded edge 

The difference between the  length of a pa r t i cu la r  diffuser and the lengt'n 
of diffuser  1 i s  referred  to  as  the  Tailpipe of t'nzt diffuser;  thus,  the 
lesgth of  each  dizfuser  plus i t s  ta i lp ipe  is e q u d  to the  length of any 
other   diffaser  plus i ts  ta i lp ipe   (Q/d2  + &/a2 = 1 .O72). TQe center- 
body shapes of &iffusers 1, 3, 4, wad 5 were a rb i t ra r i ly   se lec ted  because 
of t he i r   ex i s t ence   o r   t he i r   s iml i c i ty  of construction. The center-body 
s h q e  of d i f f m e r  2 conform  to   that  reconxiended by Gibson ( r e f s  . 5 ar.d 6) 
and is  -hter-ded t o  produce  rzniforn loss of total   pressme  per  mit of 
length. 

The area-variation 310% of figure 2 shows tha t  xp t o  a length  cor- 
responding to 9.3Ld/d2, the  differences  in  areas between diffusers  1, 
2, and 3 me ninor.  Reference 8 shows that   the   xaU  contour   in   the ini- 
t i a l  section of a conicel  diffuser nay be vzried  over a wide range  with 
no nleasura5le  efTect on tbe performince;  therefore,  the  differences  in 
shape  of t h e   i n i t i a l   s e c t i o m  o l  diffusers  1, 2, and 3 are  believed  to 
be unimsortant.  Furtherxore,  the  Soundary-layer  theory  given i n  refer- 
ence 9 shows thzt for  short   diffusers of  the  type  discussed  herein the 
boundmy-layer growt'r, character is t ics  in e. diffuser  of given  length  tend 
-Lo become kdependent of diffuser  shape  but Secorce gr incipal ly  a function 
of  area  ratio.   Therefore,  it is  believed  that   the  differences  in  center- 
body shages sizovn i n  figure 2 are of secondary ixsorta-n-ce and that any 
variations  in serformance are due primarily  to  differences  in  diffuser 
or center-Sody  length. 



Vortex  Generators - 
Dzta are  compwed herein ?or only the vortex-generator  wrangements 

- which produced the best performance or which illustrate certain  inportant, 
phenomena. Arrangenents 1 md 2 (see table I} were used w i t h  axial flow, 
mci errvlgemnts  3 aad 4 w i t h  r o t a t ioza l  flow. ArrLngexent 1 was a 
counterrotating  arrangement  (adjacent  generators  set at angles 01" opposite 
sense) .   krengezent  2 included  arrengerrent 1 in  addi t ion t o  a second row 
of counterrotating  generators  located downstream from the first .zt approxi 
m t e l y  the observed  separation point wit'n no control .  In mrmgetnent 3 
( see   f i g .  3) ,  the purpose  of the lerge-span  generators  attached  to the 
outer wall w a s  to   s t ra ighten  the flow; wherees, the szra11-spzn generators 
a t tached  to   the inner s h e l l  were intended  to  control  seperation. Arrange- 
ment & w a s  a corotating  arrangenent h which the generators were s e t  at 
a small angle opposite irrl sense to   t he   d i r ec t ion  of ro te t ion .  Although 
it is obvi-ow froa table I thet complete datz are not  available  for a l l  
arrangelzents f o r  a l l  diffusers ,  the discussion  of  the h t a  w i l l  indicete 
that the  coverege is suff ic ient   to   incicate   def ini te   t rends  of   interest .  

- Diffuser gerfo-nuances ere corqpered in two general  groups: data 
correspondb-g t o  ax ia l  inlet flow, znd cbka corresponding t o  a mean mgle  
of wh-irl a t  t he   i n l e t  of X) .60 . Ln each  case, dats .=.re available  defining 
t'ne conditions a t  two downstream stat ions,  at the end ol" each  center b o w  
(the d i f fuser   ex i t   s tEt ion) ,  an-d a t  the fixed tai lpipe  s ta t ion  corre-  
sponding t o  a length-diameter  ratio of 1.072 d2 + = 1 .O72) . 
Although the performme  parameters are presented  herein as a function 
of u / d 2   f o r   t h e  purpose of usb-g a nocdlEensiona1  quantity,  the impli- 
cst ion i s  not interrded that Q/d2 is a -miversa1  paremeter  or thzt fcr 
a givea v a h e  of w d 2  the serfo-rlI1ELz1ce of a diffuser  of a different  
bne - for  instm-ce, one w i t h  an expanding outer w s l l  - wollld be the s a w  
as the t  under discussion. Difhsers which d i f f e r  moderately Trom the 
type  investigate&,  hovever, woxld be expected t o  exhibi t   q imli ta t ively 
the s u e   p e r f o m c e  trends with diffuser length. 

( /  

.I- 

Diffuser  performeme is  given, in gereral ,  7 n  terns  of three param- 
eters:   static-sressure-rise  coefficient,   total-pressu-re-loss  coefficient,  
end t'ne rzdial veloci ty   dis t r ibut ions st t l e  do-mstream s ta t ions .  In the 
cases w i t h  s i a l  flow, the  s ta t ic-pressure-r ise   coeff ic ient   42/&i is 
base& on outer-wall   static-orifice measurements because radial p- yessure 
gradients at the measuring s ta t ions  were negliglble.  With whi r l i re  flow, 
the coefficient 4 / C c i  is based on rmss--weigtnted swvey  valws in  order 
t o  account f o r  the large  radlal   gressure  gradients .  The total-pressure- 

- 
" - loss  Coefficient EE/qci i s  a lrsss-wei-ghted value i n  a l l  cases. Dl the .. 
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czse of exial ?lox, %he radial   veloci ty   dis t r ibut ions at t:?e diffxser 
e x i t  afid ta i lpipe  s ta t lons are givsn  in  term of the   ra t io  u/Ei, which 
is the   ra t io  of t'ie local  velocity at a given  radial   s ta t ion t o  the mean 
velocity at the ln l e t   s t a t ion .  The local  velocity v&lue  regresents PA 
average cf readhgs  r'ron four s-mveys spaced goo zpark.  In  the  cases 
w i t h  ro ta t iona l  flow, t'ne corresponding  permeter ( u / G ~ ) ~  i s  presented 
i n  terms of t he   r a t io  of ax ia l  componects in order  to  indicate  to a first 
epproxixation  the  radial  distribution of mass flow. In eddition, longi- 
tu&inal  distributions of  wall s tz t ic   pressures  and recia1  dis t r ibut ions 
at the  downstrem  stations cf t o t a l  and s ta t ic   pressures  and the  veloc- 
i t y  z/U are  presented. For the whirling-flow  cases,  mss-weighted 
valLes  of vhirl   angle X and radiel distributions  of w 5 i r 1  angle m e  
included in  order t o  comple%e tlle 8escriptLon of the flow. The ef'fects 
of i n l e t  Mach  number on performance are-indicated by using  the  pressure 
r a t io s ,  gi/gi fo r   ex i a l  flow and c i / H i a  for  whirling flow, as &E 

index t o   i n l e t  Mach nuriber. An ifidication of the  accuracy of domstream 
survey  xeasmexer-ts i s  given by conlparing va lms  of rass flows  based on 
in le t - s ta t ion  and downstream-station  s.xveys. 

RESLILTS AND DISC'JSSION 

I n l e t  Conditlons 

Radial   distributions  of  total   pressure,   static  pressure,  and whirl 
angle  are  presented  in  figure 4 fo r  zn inlet   pressure  ra t io  of 0.95. 
The values  plotted  are  ari thaetic  averwes of  measurenents made at tb-e 
four  circwzerential  survey  2ositions. Measurements taken a t  ot'ner i n l e t  
pressure  ratios  indicated no s ignif icant   var ia t icns   in   the  inlet  flow 
conditions. The axial-flow  xeasmenents  indicate a symnetrical  total- 
pressure  distribution w i < h  Yr,e b o m k y  layers from each wall roeeting i n  
t'ne center of tine anni;lus and essent ia l ly  no s ta t ic-pessure  gradient .  
For the whirling-flow  case,  tha  2oint of max'irnurn total   pressure is  closer 
to  the  outer wall, the -.xmal st.a%ic-gressure  gradient dEe t o   c e n t r i f a s l  
force is present, and the angle of  whirl  is somewhat higher at the  octer 
wall. 

The data of  f igure 4 were converted t o  velocity  distributions znd 
are presenked -51 f i g a e  5 fo r  each of the  circuTTerentia1  s-nvey  positions. 
Tne  va1l;es or' boundary-layer  displaceKent  thickness 6*, momentm thick- 
ness 0 ,  end shzge factor  8*/6 are a l s o  pesented  for   axial   f low.  The 
conventional. interpretations of boundary-layer  peremeters do not  apply 
for  whirl lrg flow;  therefore, no v a k e s  have been presented  for this case. 

and 6 , k t  the shape factor 6*/8 varies only +-5 percent  md  corresponds 
t o  low values  or  distr5butions r ? s t  favorable  for  subsequent  diffusion. 

El, l.Le axial-flov  parameters  indicate sone aspmetr ies   re la t ive  to  6* - 



Axial In l e t  Flow . 
Flow observation.- The flow  along  the  oGter wall of the five  diffusers - investigated w a s  revealed by tufts t o  be attached,  but  the flow  along  the 

center  bodies  of  the 1 5 O ,  2k0, and 31° diffusers appeared t o  separete a t  
5 ,  8, m6 4 inches,  respectively, 6ownstreEq from the  juncture of the 
cylinder and center body. Velocity-distribution measurenents at the  exit  
of diffuser 1, however, indicated  attached  flow. Alt'nough reattachment 
of the f l o v  between the  5-inch  station end the   ex i t  is possible,  neither 
tuft observetfons  nor  pressure meesureEents are regarded as completely 
relieble  for  xeasuring  Separation  points. With vortex  generators,  the 
flow  elong  the  outer wall of  the  five  diffusers  remined  atteched md 
appeared t o  be mre stable than w i t h  no control. T.e use of vortex gen- 
erators moved the  separation  point  for  the Tlov over the  center  bodies 
of the Yjo, 2k0, and 31° diffusers  several  inches downstreca. The  two 
abrupt-expansion  difTuser  configurations p r e s m b l y  were subject t o  sep- 
arated  flow  in  the  vicFnity of the  ceater-body te-rminal. 

In l e t  Mach  number effect .-  The variation of static-pressure-rise 
and totel-pressure-loss  coefficients  %ith  inlet   pressure  ratio is shown 
by figure 6 t o  be smell and unsystemAtic for  the  no-control  case.  Since 
i n l e t  Mzch  number is  a unique L^unction of i n l e t  pressure ratio,   the  vari-  
ations  shom  in  f igure 6 can be identified  with  inlet Mach number. Within 
the  dete accu-rzcy, the  renge  of Mach  number tes ted was not   suff ic ient   to  
d r a w  reliable  conclusions  regarding Mech r?umber effects .  KO data are 
given  for  diFfusers 4 and 5 at Yne diffuser   exi t   s ta t ion because, cue t o  
the  shortness of the center-body configurations, no appreclzble  diffusion 
had occurred up to  this  statian.   Loss-coefficient b t a  for the ta t lp ipe  
s ta t ion of diffuser 4 ere also  not  aveilable. Data taken  with  vortex 
generztors lh place were similar to  those of figure 6 Etnd hzve not been 
presented. The total-pressure-loss  coefficients  presented  in  figure 6 
&re believed  to be too smell; this   point  will be discussed i n   d e t a i l   i n  
a subsequent section. 

Static-pressure-rise  coefficient.- The e f fec t  on static-pressure 
coefficient of  reducing  diffuser  length  while  mainteining  center and 
outer  bodies of equal length is  sho-xu by the  usper curves of figure 7(a).  
The stztlc-pressure  coefficient  decreases  rspidly,  as  the  diffuser is 
shortened, from 0.515 for  the l 5 O  diffuser   to  s negative  velue  for  the 
sharp-edge abrupt-expansion diffuser .  T3e negetive  coefficient results 
from a vena contrecte  effect  discussed in references 4 m6 7. Vortex- 
generator mrazngernents 1 and 2 (see  table I) prohced  significant improve- 
ments -h the  static-pressure  coefficient  for  the three longer  diffusers 
but  decreased tlze coefficients  for  the two abrust-expulsion  diffusers. 
Arrangement 1, for which dtzta are aveilable for a l l   f i v e   d i f f u s e r s ,   p o -  
duced a  perromance  trend  vith  diffuser-length  variation s i m i l a r  t o  the 
cese  with 110 vortex-generator  control. 
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The ef fec t  on the  static-pressure  coefficient of redacing  the  center- 
body length  while.  r-eintaining a fixed  outer-5ody  length  of 1 .O72 diameters 
is shown 3y the u;pper curves of f i g m e  T(b) . In   contrast  t o  the  cese 
where the  overal l  lengt’r; of the  diffuser w a s  shcrtened  (fig.  7 (a) ) ,  the 
cmves of  Zigure 7(b) indicate  that  shorteni-ng the  center body t o  e 
length-diameter r a t i c  of a3proximately 0.5 poduced only ninor  decreases 
in  static-pressure  coefficient  with  or  vithout  vortex  generators.  
Reducing the  center-body  length below about 0.5 produced  an  increesingly 
r q i d  rate of degreciation  in  the  coefficient.  The values  obtained  for 
the  abrupt-expansion  diffusers  for t i e  Tixed overall   diffuser  length 
( f i g .  7(b))  are  considerably  bigher  than  those of figure 7(e) because  of 
f ree  mixing in   the   t a i lg ipe  downstream Trom the  center-body  terminal. 
Vortex-generEtor  wrangement 1 w a s  responsible  for  a2preciable  increases 
(18 percent  for  diffuser 1) in  the  s ta t ic-gressure  coeff ic ient  a t  the 
ta i lgipe  s ta t ion;  however, t’r-e trend as a flmction  of  diffuser  length 
vas  mcbanged . 

Total-pressure-loss  coefficient.-  Total-press-ae-loss  coefficients 
are  presented  in  figures ‘7(a) and 7(b) i n  t’ne lower se t s  of curves. With 
the  exceFtion of diffuser  1, the loss  coefficients measured at the end 
of tice center  bodies,  figure 7(a), are  not  consldered  very  reelistic 
because  of tine poor veloci ty   dis t r fbzt ions and i i g h  degree of tsrrbulence 
ex is t ing   a t   these   s ta t ions .  The loss coefficients  for the case where 
the  overall   length of the  diffusers was fixe&  (fig.  7(b))  exhibit,  with 
or  witinout vortex  generators, s. trend which woulc nornally be expected, 
increasing loss Coefficient with fiecreased  length. 

From previous  experience in   d i f3se r   i nves t iga t ions ,  it was realized 
tha t  impact-tube xeasu-rements in  highly  turbulent 5oundary layers me 
subject  to  inherent  errors.  The nature and  mzgnitude of these  errors  me 
described  in  references 10 and 11 for  a wide-mgle  conical  diffuser. For 
the  surposes of the  present  discussion, it is suff ic ient  i o  note t iat  
the  effect  of turbulent  velocity  flactirations on impact-tube  r,easurements 
is believed  to produce higher  Total-pressure  indications  than t’iose asso- 
ciated with zhe stea&y tlr,ro-;rgh-flow velocity  or dynm-ic pressure. The 
experimental  index to  the  mgnitude of t h i s   e f f e c t  is, therefore,  the 
concarison of ’;he mss-flow rneasu-rernent at the  s ta t ion i n  cuestion  with 
a mass-flow neasu-reaen”i of known accul-acy, such &s the  masurement at 
the  diffuser  inlet .   Figure 8 presents  such 2. cornprison  for  the  investi- 
gations  regorted.  herein. 

Tne apparent  mss-flow  error  (difference Set-ween the measured mass 
flow Et the downstream s ta t ion  and %he inlet mass flow,  expressed as a 
percen-cage of t h e   i r l e t  mass flow) i s  plotted  against  the  length-dimneter 
r e t i o  of  the  center body for  both measuring s ta t ions and’ with and without 
vortex  generators. The vales  plotted  resresent  averages of  those  obtained 
over “,he !kch number r w g e .  The vsriatlon  with Mach number  was a rnmimm 
of f10 -,ereen%. Alt’nough ordinary  ex2erizental  inaccxracies,  radial flow 

I 



coxponents, ami flow esymnetries could all coct r ibu te   to   appuent  mass- 
flow discrepancies, t’ne sys temt ic   na ture  ol” the data  inOicates thet the 
principal  cause was the one previously  described. 

-41tnouglh tne deta of f igure 8 cannot be i n t e r p r e t e d   s t r i c t l y  in terms 
OF turbulence phenQmena because the Eessurenents were taken vith inst ru-  
mentation  applicable t o  steady-state  conditions  only,  the  inplications 
o f  the data   ere  o f  i n t e re s t .  The largest  discrepancies were obtained . 
with no cont ro l ,   ind ica thg   lage   tu rbulence   e f fec ts  due to  extensive 
regions  of  separated flow. When control ues Epplied,  thus  reducing the 
extent 03 the separated flow, the magnitude of the discrepancies w a s  
reduced. 

In znalyzing the loss-coefficient h t a ,  it is necessary  to  consider 
the ckta of f igure 8 in conjunction  with ei-ther figure 6 o r  7. Consfdera- 
t ion  of f igures 7 and 8 leads to  the  following  conclusions:  the  true 
loss  coefficients  ere  probably  substantielly  higher  than  those  shorn i n  
figure 7(b) ; the increase Fn loss coeTficient w5tn shorteniF2 of the 
center body is more rapid thm- th&t shown i n   f i g w e  7; and the -we of  
vortex  gener&tors  reduced the t rue  loss coef f ic ien t   for  a l l  cezter-body 
le”e;ths tested. 

No accurate method fo r  correcting  the loss-coefficient data. ex is t s  
because  turbulence  distributions have not  been  deternrined and the phenon- 
enon ‘in general hes cot  been  evaluated  e-eriaentzlly. If it i s  impera- 
t i v e  t h t  a corrected value of loss coefficient be estimated f o r  purposes 
of  engineering zpprox‘imztions, the  use  of the folloving equation is 
suggested: 

The preceding  equation assmes that the measured dyn&?ic  pressure at the 
tailpige  station  should  be  reduced by the s q m e  of t h e   r a t i o  of i n l e t  
mess flow t o  measured t a i lp ipe  mass flow. Although thz accuracy or“ the 
proposed  correction  nethod is -“aovn, it is believed that loss coef- 
f ic ients   corrected by the nethod w i l l  be more accurete t h m  mees-aed 
values. 

R a 5 i a l  pressure md veloci ty   dis t r ibct ions.-  Data 011 the   to ta l -  
pressure,  static-pressure, and velocity  distributions  are  presented i n  
f igs re  9 .  Since the s ta t ic   pressure is  essent ia l ly  comtarlt, the  prin- 
c ipal   gradient  i s  in total   pressure;  thus conpmisons  can be =de in 
te rns  of veloci ty   dis t r ibut ions.  The veloci ty   dis t r ibut ions are $resented 
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t o  a k r g e r   s c a l e  i n  terms or" the mean inlet   veloci ty   in   f igure 10. For 
reasons  2reviously  discussed,  the  actuel  velocity  ratios were somewhat 
less   than shown in  these  f igures;  hovever, the  conclusions t o  be obtained 
frox these curves are not  invalidated. 

Velocity  distributions measlrred at the  ex+t  stations of tce  uoJ 
24O, an& 31° diffusers  (diff-dsers 1: 2, and 3, respectively) and pre- 
sen+,ed in   f igure lo(&) indicate a steady  depreciation  as  the  diffuser 
length is  srogressively  shortened. For no control,  only  the data fo r  
the 15O diffuser  indicate no reverse-flow  region; however, tiiis diffuser  
does  hzve r e l s t i ve ly  low veloci5ies  in a large  region neaz the  diffuser 
cer-ter.  Control  iqroved  the  distributions  a2preciably;  the 2k0 a d  31° 
diffusers  s t i l l  had reverse-flow  regions and the 15O diffuser  continued 
t o  have low ve loc i t ies   in  the center, ba t  in   snal ler   regions than fo r  
EO control. 

Velocity  distribu5or-s at t'ne f ixed  ta i lpipe  s ta t ion,  shown in   f i g -  
ure l O ( h ) ,  indicate  the  trend  with chm-ge i n  center-body  length t o  be 
opposite  fron  that  noted  for  chmge i n  diffuser  length.  At the   ta i lpipe 
station,  reductions  in center-body  length  for  diffusers 1 t o  3 produced 
improvements in   the  veloci ty   dis t r ibut ions.  A t  this s:etion, only dif- 
fuser 5 had reverse  flow (no r e su t s   a r e   ava i l ab le  f o r  diffuser  4) . 
Control improved t i e   d i s t r ibu t ion   fo r  211 diffusers  m-d established even 
greater  differences between the   p rof i les   for   d i f fusers  3 and 1, with d i f -  
fuser 3 having a subs tmt i a l ly   be t t e r   p ro f i l e   t ha t  i s  pmbably  satisfac- 
bory  for most applications. With control,  the data a t  the  tai lpiFe sta- 
t i o n  indLcate no reverse  f lov.  With regerd  to  the data accuracy,  figure 8 
shows tha t  t'ne t a i lp ipe - s t a t ion   da t a   w i th   co~ t ro l  me most accurate. It 
m y  be concluded that   the   best   veloci ty   dis t r ibut ion were produced by a 
difr"user mci ta i lpipe  length of about 1 diameter w i t l r :  a center-body 
length  (U/d2) of about 1!2. 

.L 

Longitadinal  static-gresswe  distributions.- Ir- order t ia t  an indi- 
cation of  the change in flow pat tern w i t h  length m y  be obtained,  the 
s ta t ic   p ressmes  along the i&er and outer walls of-each  diffuser   tes ted 
are  presented  In  f igwe 11. The data  Doints at the  ta i lpipe  s ta t ion which 
ere comected wi%h tile irner-wall  pressures  vere  obtained from survey 
probes  located 9.5 inches from t'ne outer w e l l  of  the  diffuser.' Data fo r  
tke  diffusers  withoxt  vortex  generators and vith  vcrtex-generstor  arrange- 
rent  1 are  presented. For diffusers  of the  type  investigated; a l l  the 
area  expasions  t&e  place Secause of changes to  the  imer-wall  contour; 
therefore, the imer   wal l  shows the most ex',reme pressure  graiiients and 
the  oa5er-wsll  pressures  result frorn :low exgansion i n  %he region of tne 
inner w a l l .  A local  acceleration of flow and a conseqiient presswe drop 
occurs Secailse of  the rapid change or" contour  In  the  vicinity of the tunc- 
ture between cylinder a d  dlffuser .  The boundery layer   in   the  inlet  of  L 

the  diffuser had a re la t ive ly  good shape and thererore  could be su3jected 
t o  aspreciable r;jns of d v e r s e  gressu-re g r d i e n t  without  separating. - 



This I'ector,  coxbined w i t h  the in i t ia l   rap id   chmze  in  area of  tne model, 
resulted i_n z rap id   ra te  of increase  in   sressure  immediately downstream 
from th-e small region  possessing  accelertited ?low. The region  of  rapid 
r a t e  of  pressure  increase  extended  only a l iz i ted   d i s tance ,  however, 
becase   t he  Sounda-y-layer  shape b e c m ~   d i s t o r t e d  and unzble t o  cope with 
tne  adverse  pressure  grzdient.  Consequently,  flow  sepnetion from the 
inner vall occurred. Downstream from the  separat ion  point ,   tne   s ta t ic  
pressure became constant or,  i n  sone cases,  decreased  slightly, as in 
the case of dizfusers 2 and 3 on the inner  wall. 

The outer-wail  static-pressure Irx%xmreme_n,ts were taken  over a suffi- 
cient  length  upstreau and dowrstream frorr. the f ixed   ta i lp ipe   s ta t ion  t o  
permit making some observations  regarding  the optimum lergths of center 
body and t a i lp ige .  With no control, an overal l   d i f fuser   length  ( incluing 
the   t a i l s ipe )  of  bout 1.2 dimeters  with a center-body  length of about 
0.65 dim-eters is required  to  recover most of the  possible  static-pressure 
r i s e .  Wi-th vortex  generators,  an  overall  diffuser  length of  about 
1.0 diazeter  with a center-body  length between 0.50 and 0.65 diameters 
is  required  to  recover mst of  the  possible  static-press-me  rise. 

Once se9arat im  occ-as ,  it is Fmsrobable t h a ~  the  presence  of  the 
inner wall downstremi  from the lice of sepsration aids the  difr'usion 
process. It is qui te   l ike ly   tha t   the  rate of  difr"usion w i l l  be increased 
by duping   the  f l o w  at %his position, thds groviding E. If'ee-mixing region 
equel   in   area  to   the  diffuser  exit area. According t o  t h i s  reasoning, 
a t  lees t   the  downstream 5 jnches of the  center body for   d i f fuser  2 and 
the  doms-lrem r,l inches of the  center body for   d i f fuser  3 should be cut 

o f f   i f  no control i s  used. If cozltrol i s  used, a t  least the  downstrem 4 
and inches of the center body f o r  diffusers  2 and 3, respectively, 

should  be  cut o f f .  For  such  designs,  the  center-body  terninus  should  be 
sheped ir- such e manner that Sack  flow aloq the   diffuser  axis cmnot 
def lect  from the en6 of the  center body and introduce  radial   velocity 
coxponents in to  the m i n  flow. A cusp  shzpe s i m i l a r  t o  the  ones i l l u s -  
t ra ted  in   the  sketches of Zigure l2 is  suggested by the  discussion of 
reference 12. 

2 

1 
2 

Flo-z observation.- Flow separation fron the ipaer well w a s  observed 
t o  occur n e n  the en& of  the  center  bodies of diffusers  2, 3,  and 4 when 
no generehors  vere  used, b-L-L w a s  not observed Tor diffuser  1. Flow along 
the  outer w a l l  remined &-itached fo r  a i l  t e s t s .  The flow mgle  ne= Vie 
valls Fncreesed ES the flow  proceeded thro-agh tne  diPfuser, and the  angle 
of vhirl   near  the ir!!-er wall was consifierably  greater  than  that ne= the 
outer ~ ~ 1 1 .  Vortex-generatcr  srrangement 3 estzblished  approxirately 

-1 
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s x i a l  flow OE both wzlls; flow wzs at teched  in   dif iuser  1, but   sepua-  
t lon  w&s observed on the inner w a l l  near  the end  of the  center  bodies  of 
diffilsers 2 and 3.  Vortex-generator  urangenent 4 prodmed,  for  both 
diffusers  1 and 2,  flow  with  large  -whirl  ar-gles  near t'ne outer well and 
flow new  the  inner  wall which whirled i n  a direction o-yposite t o  that 
fo r  no control.  

I n l e t  Xach nz-ber  effect .-  The e f fec t  of inlet   pressure  ra t io ,  which 
may be i n t e r p e t e d  i~ terns  of i n l e t  Mach number,  on the static-gressure- 
rise md total-presswe-loss  coeffLcients end on the angle of wh i r l  is 
presented  in   f igwe 13 for  the  case ol" whirling  Lnlet f l o w .  A l l  the 
discussion on i n l e t  Mach n-mber effect  for  the  axial-inlet-flow  case also 
applies  directly  to  the  whirl ing-flow  case.  The conclusion is that  within 
the data accuracy  the  rznge of  Mach  number tes ted was not   suf f ic ien t   to  
d r m  relia3le  conclusions  regarding XacX  number e f fec ts .  

Static-pressure-rise  coefficient.- The e f fec t  on static-gressure 
coefficient of  reduc5ng the  diffuser  length  while  maintaining  inner and 
outer  bodies of equd  length is  shown  by tne upper curves of figure 14(  a) . 
The trend w i t h  diffuser  shortening differs somew3At from the  axial-flow 
case  in that the  differences  in  stetic-pressure  coefficient between d i f -  
fusers 1 m-d 2 are  small   (u/d2 of 1.072 to 0.657) ; however, as the  length 
w a s  reduced from e value of 0.657 diaqeters,  e continuous end rapid - 
decrease in   the  coeff ic ient  was obtained.  Vortex-generator  zrrangenent 3 
increased t ie   s tz t ic-pressure  coeff ic ient   in  a l l  cases  tested; however, 
the  benefit  obtained clecreased substant ia l ly  as the  diffuser  length was 
r e d x e d .  The values of v h l r l  angle neaswred at   the   diffuser   exi t   s%ations 
a d  presenteci in   f igure  14  indicate tha t  vortex-geners-lor  arrangement 3 
was ef fec t ive   in  removing t:?e whirl motlon. Removing the   xh i r l  would 
ten&  to  increase  the  static-pressure rise irrespective or" whether the 
flow  distribution was improved. 

Tfie e f fec t  on static-pressure  coefficient of reducirg  the  center- 
bow length  while  maintaining a ffxed  outer-body  length  of 1.072 diemeters 
i s  s:?owr- for whirling  flow by the  upser c c v e s  of figure  1k(b) t o  be simi- 
l a  t o   t ha t   fo r   ax i a l  flow. Only srail changes in   the  coeff ic ient  were 
obtained &s +,he center-body length w a s  reduced frox 1.072 diemeters t o  
zb0u-L 0.5 diarneter . More rzpid ciecreases i n  t'ne coefficient were o-Dtained 
with further shortening. Tne increase  in   s ta t ic-pessure  r ise   obtained 
wit'? control   arragenent  3 became smller 8s the  center-body  length was 
redwed w-d became nocexistent  for a lengt'r;, of 0.5 diameter. Although 
no k t a  &re available f o r  diffuser 3 ( k / d 2  = 0 .%6) w i t h  crrangexent 4, 
the faired  cwve through tb-e data  for  diffusers 1, 2: and 5 indicates 
tha t  arangexent l~ produced improvements i n  t;?e stetic-pressure  coeffi-  
cien-,  over a much wider rmge of center-body  lengths  than arrm-gement 3 .  
Arranger-ent h produced agproximately 10 percent  impovexer-t i n   t he   s t a t i c -  
p-essure  coefficient  for  h/d2  values rmg>ng from o .5 t o  1.0, as com- 
pared 50 values for arrzngernent 3 of 20 percent a t   L d d 2  = 1.0 m d  no 
hprovexent a', Q/d2 = 0.3. - 



n &  lobal-pressure-loss  coefficient.- A s  in  the  case  for   axial  flow, . the  loss-coefficient data of  f igure 14 should be considered i n  conjunc- 
t ion  w i t h  the mass-flow discrepancies or" figure 15 i n  order t o  arr ive at - valid  conclusions.  Figure 15 indicztes   that   the  mass-flow discrepancies 
are  Izrger  with  control  than  without end in   genera l   me  equal   for   d i f -  
Tuser configurations 1 an6 2 but  increase  rapidly  with  further  shortening 
of  the  center body to vzlues ss large as 19 percent  for  the  Ebrupt- 
exyamion  configuration. The resu l t ing   e f fec t  on the loss coeff ic ients  
is t o  csuse  errors snall in magnitude for  diffuser  configurations 1 and 2 
and large  in  mgnitude  for  the  corfigurations  with  shorter  center  bodies.  
This  trend  causes %. nore  rapid  increase i n  the  true loss coefficient  with 
diffuser  shortenirg  than  that   indicated by the measured values of 
figure lJ+. 

T'ne apperent mass-flow er rors   for  no cootrol aze indicated by fig- 
ure 15 t o  be negetive  for  diffusers 1, 2 , end 3 by s m a x i a m  of =bout 
3 percent.  Since  the mass flow is bzsed on the   ax ia l  component of the 
flow,  vhich is calculated by using  the  cosine of the  flow  angle,  this 
r e su l t  i s  believed t o  be due t o  small experimental  errors in ueasuring 
the  very  lazge  whirl angles ?or  these  cases. In cornprison  with  the 
exial-flow  case  with no control,  whirling  flow  with no control produced 
much lover  apparent ,?lrZss-flow errors  and therefore lower t rue   loss  coez- 

ax ia l  component of the  velocity is reduced to  zero,  t'ne whirl  component 
tends  to  prevent  flow  seperation, end the  formation of extensive  turbulent 

. f lc ients .   This  result is rezsonzble  since wit'n wnirling  flow, i f  the 

- regions. 

The use  of  vortex  &enerators  with  vhirling  flow produced both  higher 
appuent  mass-flow e r ro r s   ( f i g .  15) and higher loss coef f ic ien ts   ( f ig  . 14) . 
T h i s  r e su l t  is  i n   p a r t  a consequeme  of  the  turbulence adcied by the  vortex 
generators t o  a flow which m s  basically  of a low tu-rbulence leve l .  How- 
ever, m rddi t ional   effect  m y  have been responsible  for  the  fact   that  
arrzngecent 3 produced higher  eppaent mass-flok- errors  than arrangement 4. 
This   resul t  is bel ieved  to  be dEe t o   t h e   f e c t  tha-i; wrargenent 3 reEoved 
a l l  the  whirl from the flow;  whereas,  arrangement 4 did not. Thus 
arrmgement 3 pem-i-lted the   formt ion  of extensive  separated-flow  regions 
acijacent -Lo the  center body becmse  the  flow vas epproxinztely ais1 i n  
this   region.  Tine favorzble  ef3ect on diffuser  perforrm-ce of a whirling 
flow ne= the  center body h s  been  noted  previously  for  the  abrupt- 
expansion  diffuser  reported Ln  reference 3.  This effect alscj is believed 
t o  be responsible  for  the  differences  betveen  arrangements 3 end 4 ta 
the  be'nzvior  of the static-pressure-rise  coefficient  (f ig.   14(b))  with 
chLnge i n  center-boay lev&h. It is believed t b 2 t  whi r l  should be removed 
from the major portion of the flow at the  diffuser  inlet i n  order   to  
recover  the  energy  of  whirl,  but  %hat a c e r t e h  anaunt of whirl should be 
l e f t  In the flow -1 the region  edjacent t o  the  center  bow. Tkre opthum 
amount and extent of whirl probably  increases z s  the center body becomes 
shorter .  
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Radial  pressure and ve loc i ty   d i s t r ik t i ans . -  Data on $he t o t a l  md . 
s i a k i z  pressures, whi r l  angles, and velocity  distriautions a e  presented 
in   f igure 16.  A t  both  measurhg szz-zions tke  region of h'igh to te i   p res -  
sure loss ne= the  center of the  diffusers becomes W g e r  as the  center 
'3ody i s  shortened;  this i s  generally  true even when controls are  .;sed. 
Tne radial static-p-essure  gradients, which &re caused by ty-e vhirl--le 
d i s t r ibu t io l s ,  .me large for no control m d  decrease  vith  dizfuser  short- 
ening. Wits control,  the  distribution depends Eostly on the  control con- 
f i g z a t i o n s ;  mrangements 3 and k largely  eliminate  this  gradient  for a l l  
except d i fhser  5 .  Red-Action in   d i f fuser  le-?g-Lk; poduced  unfavorable 
chmges in  t'ne ve lmi ty   d i s t r ibu t ion  at the  diffuser   exi t   s ta t ions for 
bot'n control end no control. Ax the   t a i l s i se   s ta t ion ,   the  change i n  
velocity  distribution with center-So&y skortening was snzll with no con- 
trol.  Xith  control,  the  longer  center  bodies  poduced Tore fevoreble 
prof i les .  

The dis t r ibxt ion of axial velocity components as a Tunction of the 
:r.em upstream exial velocity conponen5 i s  gresented  in  f igure 17. Certain 
diffuser  conZigurations have mean velocfties sonexhat greater  than  other 
configurations because o f  the  zass-flow  discrepancies  previously dis- 
cussed; however, gereral  conclusions  are  not  %validated. The diffuser- 
exi t   data  of f igure l7( a) hdicate   increasing  dis tor t ion of tine velocity 
dis t r ibut ion with progressive  shortening  of  the  diffuser. With PO con- 
trol, each diffuser  had a regfon  of no posit ive  axial   f low ne- the  duct 
center l ine.  Vortex generators  elimlnated tzis region  for  diffuser 1 
but did not  appreciably improve the  dis t r ibut ions f o r  diffusers  2 and 3 .  

The veloci ty   dis t r ibxt ions at the  f ixed  tef lpipe  s ta t ioc for a l l  
center-b5dy  lengths  except  nLiber 5 ere zpproximately tl?e sane with 110 
control.  Each has a smll regioc of no axia l  flow  near  the dxt center 
line.  Control  inproves  the  velocity  distributions and eliminates  the 
regions of no ex ia l  flow. The cxrves  indiczte that the  longer  center 
bodies  proaxe somewhat better  distribztions.   This  trend i s  acceGtmted 
by %he lass-flow-discregancy  data. The r ixing accomplisked i n  Yne t a i l -  
pipe  section  prohces  agprecieble improvemen-cs in  the  velocity 
distrib-c%ions. 

Longitudinal  static-pressure  distributions.-  Longitudinal  veriations 
of static  pressure  along  the imer and outer  walls  are  presented  in  fig- 
ure 18 for  a l l  configuratiors w i t 3  and without  control. A coxparison 
or' figures 11 (axial  flow) a ~ d  18 w i l l  skow that   the   lmge  radial   pres-  
sure  gradients  set LIP by the  whirling  xotion  influenced the lor-gitudinal 
gradients ts a high  degree,  especially on the  inner w a l l .  This  effect 
prohibits  correlatlon of  the  curves  relative t o  ?low se2aration  in a 
manner similar t o  tr-e ucial-flow  correlation. 



c CONCLUSIONS 

The following  conclusion&  are drawn as t o  the  effect  of diffuser  
length md cerher-body  length on the perfo-rmaz-ce of annular s t ra ight -  
outer-well  diffusers with an me6   r a t io  of 1.9 t o  1 and with =& witlmut 
vortex  generetors  for  control. Tine investigation w a s  conchcted  with f u l l y  
developed  pipe  flow at the i d e t  fo r  exial i n l e t  flow and for  en i n l e t  
angle of whirl of 20.6~. 

1. AS "Ace diffuser  length was reduced ( ~ i n t a i n i n g   c e n t e r  bodies 
and outer  bodies of eq--m.l length) From 2. length-diemeter rztio of approxi- 
nately 1.0 (conicel exgansior?  zngle  of 15') t o  zero, a progressive and 
apgrecieble  decrease in static-pressure rise znd deter iora t ion   in   ex i t  
veloci ty   dis t r ibut ion w a s  obteined  with  or  without  vortex  generators. 

2. Vortex  generators  ingroved  sip-ifrcantly the performance of the 
three  longer diffilsers, which ha,& conical  expansion  angles  of 15O, 2b0, 
and 31°. 

- 3 .  Pressure  smveys at the exit s t a t ion  ir-ciicated t ia t  tkr-e flow 
did not  sepsrate from the  center body of the 15O diffuser,  with  or  with- 
out  vortex  generators. f h  eppreciable  portion of %he downstrean end of 
the  center  bodies of the 24' and 31' diffusers  WES inef fec t ive   in  <he 
diffusion  process  Secause of flow  sepmation . 

4.  T'ne combinshion of the 31° diffuser  Etud tailpipe,  vhich i s  
equivalent  in length %o the 15' diffuser ,  produced s l igh t ly   l e s s   s t a t i c -  
pressure  r ise  m-d somewhat better  velocity  dlstributions  than  the 15O dif- 
fuser ,  with or  ~ i tAou% vortex  generators . This   resul t   indicates   that  
fo r  an overall   diffuser  length  ( including  tailpipe) of about 1.0 outer 
d i m e t e r ,  Y?e center-body  length  should be &oct one-half the overal l  
length  for  diffusers of the  type  investigeked. 

With whirl ing  inlet  Tlow : 

5 .  A s  the  diffuser  length was redxed  (maintainhg  center  bodies 
snci outer  bodies of equal ler@h) from E. length-diaqeter  ratio of 0.66 
(conical  emansion  angle of 24O)  the  static-pressure-rise  coefficient 
decreased  r&pidly  vith  or withoGt vortex  generators;  the  exit  velocity 
d is t r ibu t ion  becmie progressively  less  cniforn w i t h  diffuser shortening 
w i t h  or vithout  vortex  generators. 

6. Vortex generators improved significcrtt ly  the  static-pressure- 
r i se   coef f ic ien t  of  the  longer  diffusers and the  veloci ty   dis t r ibxt ion 
a t  the  f ixed  ta i lgine  s tz t ion  for  a l l  center  bodies  teste6  except  the 
a'3rupt-expansion case. - 



7. The combination of --e 31' diffxser and tailpipe produced 
s l igh t ly  less static-press-xe rise zhan the l 5 O  diffuser for both no 
control an& the  vortex-generator  arrsxgenent  vhich  did  not remove e l l  
the  whirl  fro^ the flow. 

Lengley  Aeronaxtical  Laboratory, 
National Advisory Committee for kyonaut ics ,  

IAngley Field, Va . , J d y  2, 195'c. 
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aGenera-l;ore fo r  a l l  diffusers except diffuser 5 were located at +1. 
bDif'fuser 2 had 20 vortex  generators  located at -7 inches; diffuser 3 had 

211. mrtex  generators  located a t  -4 inches 
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Figure 1.. - Schematic diagram of diffuser 2. All d.imensions are i n  inches. 
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Coordina.tes for  diffuser 2 Coordinates for 'diffuser 3 

I 

a aL 

0 . I  .2 .3 3 -5 .6 .7 .8 

'Distance from the  cylinder  diffuser junction,d2 

Figure 2. - Schematic view and area-distribution curve of each of the 
five diffusers investigated.. A" dimensions are in inches. 
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Figure 3.- Diffuser 1 with vortex generators on both Lhe inner and outer 
walls (vortex-generator  arrangement 3). 
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h1.e I; angle of whirl 
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Distance from the outer wall, in. 

Figure 4.- Radial variations of total pressure,  static  pressure,  and 
whirl angle at the  diff'user  inlet for lam inlet-whirl  angles. 
Pi/Zj.* = 0.93. 

- 
1 2 3 



3.6 

32 

2.8 

c 
A 

.- - 2.4 
* - - 

0 

2.0 
L 

t 
e, 
3 
0 

E 
2 

I .6 

v- 

$ 1.2 
c 
0 
co t .- a .8 

.4 

0 

I . 

- 
IDiffuser inner wall 1 

.5 .6 .7 .% .9 1.0, 1.0, 
Ratio of local velocity to peak velocity,u/U 

1.00 I .o, 

Figure 5.- Velocity profiles at four equally spaced sectlons around the 
diffuser inlet station. 0'; &/Hi = 0.95. 
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A Diffuoer 4 T~il.pIpe s t n t j o n  

d Diffhser 5 

.94 .92 .90 .88 PO0 .96 .911 

Diffuser lnlel; pressure ratio,  Pihr 
- 

Figure 6.- Variation of loss coefficient and static-pressure  coefficient 
a t  the diffuser exit and tailpipe  stations with inlet pressure ra.l;io 
fo r  each of the  five  diffusers without vortex generabors. % = 0'. 
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Cenfer- body length,  

(b) Measurements t o  f ixed  tailgipe ststion; varia3le center-3ody length. 

Figure 7.- Variations of the  static-pressure end loss coefficients with 
difIZser mi! center-body length. = Oo; c i / H i  = 0.94. 
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Center-body length, 2 

d2 

Figure 8.- Effects of center-body 1engLh on the apparent errors i n  mass 
flow be-Lween-the inlet station and survey sLa.i;ions located  downstream. 
Xi = 0'; &/Hi  = 0.95. 
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( b )  Tallpipe  station 
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Figure 9.- 3adial variatioxs of t o t a l  pressure, s t a t i c  pressur,e, and. 
veloct-ty retio a t  tke ciffuser exft and ta i lpipe  s ta t ions.  xi= oO; 

- 
Ci/Ei = 0.93: 
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(a} Diffuser-exit  station. 

Con tro I 
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+“enter body 
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0 t I I I I -1” .. L 

o z  4 6 8 10 0 z - 4 6 8 10 

Distance from the diffuser outer wall, in. 

(b) TailpiDe  station. 

Figure 10.- Radial  variation of  the velociky  ra t io   a t   the  diff’user e x i t  
and ta i lp ipe   s ta t ions  cor the  diffusers  with arrsngement 1 for control 
and without  control. - = Oo; pi/& = 3.95. 
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Figure 11.- Variation of static pressure along the  inner  outer w a l l s  
of %he diffusers with and without vortex generators.  Xi = Oo; 

- 
:%/Hi = 0.95- 
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Figure 13.- Variation of loss coefficient,  stallc-pressure  coefficient, 
and whirl angle a t  the diff'uscr  exib and tailpipe  stations with in l e t  
pressure  ratio f o r  each of - diffusers without vortex generators. x i  = 20.6'. 
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Arrangement 3 

Diffuser length, 
2 

(a) Measurements t o  diffuser exit  station;  variEble  diffuser leng%h. 

Center- body length, - Ld 

(b) Measwements t o  fixed tailpipe  stetion;  verieijle  centerFbody  length. 

Figure 14.- Variations of the s te t ic   pressure and loss coefficienks end 
the v h i r l  angle w i t h  diTf’user and center body length. iii = 20.6O; 
& / q e  = 0.95- 
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Figure 15.- EPfects of cenkr-body 1engLh on the apparent errors   in  mass 
flow between the  inlet   station and survey stations  located downstream. - 
X i  = 20.6'; z/iIia = 0.95. 
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Primed numbers indicate 
arrangement 4 

(a) Diffuser-exit  station. 

r 
- 

No control 

- 
g .2 - - 

I I I I 

0 2  4 6 8 1 0 0 2 . 4  6 6 10 
Distance  from  the  diffuser  outer  wall,  in. 

(b) Tailpi3e  station. 

Figure 17.- Rzdial  varietion of ve loc i ty   ra t io   a t   the  difikser e x i t  and 
t s i lp ipe   s tz t ions  f o r  the  diffksezs  with  arrange?rents 3 and 4 and 
without control. X i  = 20.6'; Fi/Hie = 0.95. 
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Figure 18. - Variation of s ta t ic  pressure along the inner and outer wall 
of the diff'users with and without vortex generators. 8i = 20.6';. 

= 0.96. 
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